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ABSTRACT 
Taguchi method is for the first time applied to optimize the synthesis of graphene films by copper-
catalyzed decomposition of ethanol and find the most suited experimental conditions to the 
realization of thin high-grade films. Six suitably designed experiments were performed to rank the 
influence of temperature (1000−1070 °C), synthesis duration (1−30 min), and hydrogen flow 
(0−100 sccm) on the number of graphene layers and defect density in the graphitic lattice, by 
monitoring the intensity of the 2D- and D-bands in respect to the G-band in the Raman spectra of 
the samples. After critical examination and adjusting the conditions predicted to give optimal 
results, a continuous film consisting of 2–4 nearly defect-free graphene layers is obtained. 
 
KEYWORDS: graphene; Taguchi method; Raman spectroscopy; chemical vapor deposition. 
 
1. INTRODUCTION 
The outstanding properties of graphene make it attractive for applications in very different 
fields [1–5]. Graphene is successfully obtained by different techniques, such as exfoliation of 
graphite [6] and epitaxial growth [7]. Nonetheless, chemical vapor deposition (CVD) is presently 
the preferred method for the synthesis of large-area graphene films with high spatial uniformity 
[8,9]:For this kind of deposition a transition metal (commonly nickel or copper) is used as substrate 
to catalyze the decomposition of a hydrocarbon gas (most frequently methane). Recently, ethanol 
(C2H5OH) has also been tested as carbon precursor for graphene synthesis [10,11], obtaining large 
area, continuous films with comparable quality to those synthesized by methane. The interest in 
using ethanol lies primarily in its safety, low cost, and easy handling. In catalytic CVD, hydrogen is 
known to influence the morphology of the carbons [12]; for example, it can allow the formation of 
open forms of carbon, such as graphite platelets, by stabilizing their growing edges. However, its 
role in the graphene synthesis has not been completely clarified yet. Overall, the fabrication of thin, 
high-grade films of graphene calls for the optimization of the synthesis process. In this work, the 
synthesis of graphene films by copper-catalyzed growth from ethanol precursor at high temperature 
(1000−1070 °C) is considered, and the effect of CVD duration (1−30 min) and hydrogen flow 
(0−100 sccm) are investigated. 
Taguchi method is a powerful and efficient tool extensively applied to the optimization of 
multifactor processes in very different fields [13–22]. It consists of an empirical approach which 
combines mathematical and statistical techniques and utilizes orthogonal arrays (OAs)	   to study a 
large number of variables with a small number of trials [13]. OAs are subsets of the full factorial 
experiment (involving LF trials, where F is the number of factors investigated at L levels). In OAs 
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each variable setting occurs at an equal number of times and none of two settings are the same, so 
that the resulting experiments are balanced and the effect of each factor under study can be 
discriminated from the effect of other factors (i.e. interactions between parameters are neglected). 
Taguchi approach proceeds through 1) selection of the parameters (control factors) governing the 
considered process and choice of their levels; 2) design of experiments to be performed to 
investigate the parameters’ influence on the process, i.e. adoption of the most suited (to number of 
factors and levels) OA; 3) running of the planned experiments; 4) analysis of the process response in 
terms of the selected outputs; 5) running of new experiments to test the configurations under which 
the process is predicted to give optimal responses. Currently, this procedure is employed in a large 
number of diverse fields, ranging from electronics [13,14] to robotics [15], and from medicine [16] 
to material science [17–22]. In the latter case, its application is often addressed at optimizing the 
production of materials in different forms, such as diamond-like carbons [17] and polycrystalline 
diamond [18] coatings, silver [20] and zinc oxide [19] nano-sized particles, carbon nanotubes [22] 
and related hybrid nanostructures [21]. 
Here, Taguchi method is for the first time utilized to optimize the synthesis of graphene and 
to find the most suitable experimental conditions for the production of highly crystalline thin films 
by copper-catalyzed decomposition of ethanol. In order to monitor the results of CVD experiments, 
the graphene films are systematically investigated by high-resolution transmission electron 
microscopy (HRTEM), atomic force microscopy (AFM) and micro-Raman spectroscopy (MRS). 
 
2. EXPERIMENTAL DETAILS 
2.1 Design of experiments 
Table 1 shows control factors and levels selected to perform the CVD growth experiments. 
Two alternative levels for the synthesis temperature (TS), 1000 °C and 1070 °C, are chosen. 
Hydrogen flow (ΦH2) and synthesis duration (tS) are allowed to assume three levels in the ranges 
0−100 sccm and 1−30 min, respectively. Since a process ruled by one two-level and two three-level 
factors has 1·(2−1)+2·(3−1)+1=6 freedom degrees [23], an OA is selected which allows 
investigating the effect of TS, ΦH2 and tS (neglecting the mutual factor-interactions [21]) by 
performing only 6 experiments in place of 18 (i.e. 21·32, as in principle required by traditional 
methods). The corresponding design of experiments (DOE) is reported in Table 2. The samples 
obtained under DOE experimental settings are labeled as DN with N a number running from 1 to 6. 
2.2 Film growth 
The experimental setup utilized for the synthesis consists of a thermal reactor with fast 
cooling system (implemented at ENEA laboratories). 25µm thick copper foils (PHC Se-Cu58, 99.95 
purity) are used as growth substrates. Once placed into the reaction chamber, with pressure 
stabilized at 4 mbar, the substrates are annealed for 20 min at TS under a 40 sccm flow of Ar/H2 (1:1 
mixture). After annealing, ΦH2 is set to the selected value and the synthesis is performed using 
argon as carrier gas (20 sccm) and ethanol (0.1% of Ar flow) as carbon source. After a time tS, the 
samples are extracted from the hot zone, let to cool to near room temperature (RT), and then 
extracted from the vacuum vessel. The copper is fully etched via a diluted nitric acid bath (HNO3 
70% in H2O, 1:3) for 2 h at RT; after that time, the free floating carbon film is scooped from the 
solution with thermally oxidized silicon wafer and transferred into distilled water for removal of 
acid bath residues. Finally, the graphene film is scooped from water and it is thus ready to be 
analyzed. 
2.3 Film characterization 
The morphology of the deposited films is evaluated by means of HRTEM (Tecnai F20, 
operated at 120 kV to reduce radiation damage to graphene crystals) and AFM (Bruker Dimension 
Icon SPM). Raman scattering is measured in air at RT with an Instrument S.A. Ramanor U1000 
double monochromator, equipped with an Olympus BX40 microscope for micro-Raman sampling 
and with an electrically cooled Hamamatsu R943-02 photomultiplier for photon-counting detection. 
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The 514.5 nm (2.41 eV) line of a Coherent Innova 70 Ar+ ion laser is used as an excitation source. 
The 1200−2850 cm−1 spectral range is analyzed. A X100 objective focuses the laser spot to a 
diameter of approximately 1 µm. Care is taken to minimize heating or damage to the sample by 
choosing low laser power (below 1 mW at its surface). Three different locations are sampled in 
order to reliably describe each specimen and discard possible spatial inhomogeneities. An 
acquisition time of 15 s is used to obtain a sufficient S/N ratio. Spectra are averaged, normalized 
and analyzed using a commercially available spectroscopic analysis software package. Lorentzian 
bands, superimposed to a constant background, are used to fit the spectra. Further technical details, 
concerning measurements performed and instrumentation utilized, can be found elsewhere [24]. 
 
3. RESULTS AND DISCUSSION 
3.1 Properties of the deposited films 
The most prominent features in the Raman spectra of graphene using laser excitation at 
2.41 eV are the G peak appearing at 1582 cm−1 and the G' peak at about 2700 cm−1. In the case of 
disordered samples, or at the sample edges, the disorder-induced D-peak is also detected around 
1350 cm−1. The G peak, associated with the doubly degenerate iTO and LO phonon mode (E2g 
symmetry) at the Brillouin zone center, is the only peak coming from a first order Raman scattering 
process in graphene [25]. The G'- and D-peaks originate from a second-order process, involving 
two iTO phonons near the K point for the G' band, or one iTO phonon and one defect in the case of 
the D-peak [25]. The G' peak is often termed as the 2D peak since its frequency is approximately 
twice the D peak frequency. 
The D to G relative intensity (ID/IG) commonly monitors the density of lattice defects in 
nanocarbons [25]. Information about the number of graphene layers (nGL) can be deduced from 
shape and relative intensity of the 2D-peak. In graphene produced by micro-mechanical cleavage of 
bulk graphite, a single Lorentzian component (FWHM∼24cm−1) well reproduces the 2D peak of 
single-layer (1L) graphene, whereas four Lorentzian components are needed in case of bi-layer (2L) 
graphene [25,26]. Raman spectrum of multi-layer (ML) graphene (nGL > 5) is hardly distinguishable 
from that of bulk graphite. In CVD graphene, the shape difference of the 2D-peak for one or more 
than one layer could be not as clear as in exfoliated graphene, due to the lower electronic coupling 
between layers with not-ordered stacking. A narrow Lorentzian line (~30–40 cm−1) can be used to fit 
the 2D-peak of both 1L and 2L CVD graphene, while for nGL ≥ 3 the width of 2D (Lorentzian) peak 
increase up to ~70 cm−1. The 2D to G intensity ratio (I2D/IG) is used as a qualitative parameter to 
evidence the presence of very few graphene layers, being in this case I2D/IG > 1 [25]. 
Results of Raman scattering measurements on films deposited under the conditions reported 
in Table 2 are shown in Fig. 1. In order to monitor the number of deposited graphene layers and the 
defect density in the graphitic lattice, the 2D/G and D/G intensity ratios are calculated: The results 
are reported in Table 3. Each value arises from the average of results obtained by measuring Raman 
scattering in three different locations on the sample. The variation of TS, ΦH2 and tS in the ranges 
1000−1070 °C, 0−100 sccm and 1−30 min causes I2D/IG and ID/IG to correspondingly vary around 
mean values of 0.75 and 0.14, respectively; this reveals that the continuous films formed in CVD 
generally consist of multiple defective layers of graphene, in agreement with results from HRTEM 
analysis (not shown). 
3.2 Analysis of CVD process response 
In order to quantify the influence of the selected control factors (TS, ΦH2 and tS) on the 
physical quantities of interest (I2D/IG and ID/IG), the collected outputs (reported in Table 3) are 
analyzed according to Taguchi method [17–22]. For this purpose, the signal-to-noise (S/N) ratio is 
calculated, which, in its simplest form, is the ratio of the mean response (signal) to the standard 
deviation (noise) [17–22]. The response obtained in terms of I2D/IG (which in general should be 
maximized to grow graphene films with fewer layers) is analyzed calculating S/N as 
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(1)    , 
while the response obtained in terms of ID/IG (which should be minimized to reduce the defect 
density in the lattice) is analyzed calculating S/N as 
(2)    . 
In both cases n is the number of measurements in each experiment. 
According to equations (1) and (2), optimizing physical quantity Y requires maximizing the 
corresponding S/N ratio, since the larger the S/N ratio is, the lower the response variability will be 
[17–22]. The S/N ratios obtained analyzing raw I2D/IG- and ID/IG-data are reported in Table 3. 
Starting from these values, the mean S/N	  ratios for each control factor are calculated by averaging 
on each level. The so-obtained values are plotted in Fig. 2. In particular, the response graphs of S/N 
ratio for “larger-is-better” analysis of I2D/IG are shown in Fig. 2a, and the response graphs of S/N 
ratio for “smaller-is-better” analysis of ID/IG are shown in Fig. 2b. The control factor producing the 
greatest S/N variation is the most influential on the considered output [17–22]. For instance, in case 
of I2D/IG (Fig. 2a), ΦH2, whose changes produce the largest (3.90
 dB) S/N variation, is the most 
influential parameter. By contrast, TS, whose changes result in the smallest (0.16 dB) S/N variation, 
is the least influential one. In case of ID/IG (Fig. 2b), tS is the factor which have the greatest 
influence on defectiveness, while TS is the least influential parameter, as in case of film thickness. 
In order to quantitatively rank the degree of influence of each factor on the investigated 
physical quantities, the variations of S/N (ΔR) associated to the changes of the control-factors are 
calculated for each of the response graphs in Figs. 2a and 2b. The results are reported in Tab. 4. The 
degree of influence of the factor k on each one of the selected outputs is then calculated as 
(3)      , 
where  is the variation associated to the changes of the kth factor and 
 is the sum of the variations associated to the changes of all the factors. Inserting 
data reported in Tab. 4 in eq. (3), the influence of TS, ΦH2 and tS on I2D/IG (Fig. 2c) and ID/IG 
(Fig. 2d) is ranked. 
3.3 Optimal settings of the selected control-factors and expected results  
Since the highest S/N ratio indicates the optimal level of each control factor [17–22], the 
response graphs shown in Figs. 2a and 2b can indicate the optimal settings of the factors for the 
achievement of the largest 2D/G and the smallest D/G intensity ratio, respectively. The 
experimental configurations obtained are reported in Table 5. In particular, the results of the 
“larger-is-better” analysis of S/N shown in Fig. 2a give TS = 1000 °C, ΦH2 = 0
 sccm and tS = 10 min 
as the optimal experimental configuration for maximizing I2D/IG, while results of the “smaller-is-
better” analysis of S/N shown in Fig. 2b indicate that ID/IG can be minimized by selecting 
TS = 1070 °C, ΦH2 = 100
 sccm and tS = 30 min. Neither of the two configurations is included in trial 
experiments (Tab. 2). 
Taguchi method allows also the prediction of the output values that can be achieved by 
setting control-factors at the corresponding optimal levels [19,20]. The expected values of I2D/IG and 
ID/IG can be estimated by firstly calculating the predicted S/N ratio as  
(4)    , 
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where  (dashed line in response graphs of Figs. 2a and 2b) is the total mean S/N ratio (i.e., 
averaged on all L levels of all F factors) and  is the greatest mean S/N ratio relative to factor 
k (to which the optimal level of the factor corresponds). From  the predicted value of the 
physical quantity Y is finally estimated as 
(5)      , 
with , and α = –2 in case of “larger-is-better” analysis, or α = 2 in case of 
“smaller-is-better” analysis, respectively. 
For instance, in case of 2D/G intensity ratio, inserting (S/N)mean value (namely, –2.70 dB) in 
Eq. (4) and S/N ratios corresponding to the optimal values of TS (–2.62 dB), ΦH2 (–0.90
 dB) and tS (–
1.72 dB) reported in Fig. 2a leads to (S/N)pred = –2.70+(–2.62+2.70)+(–0.90+2.70)+(–
1.72+2.70) = 0.16 dB, from which, by Eq. (5), (I2D/IG)pred = 0.98. By the same procedure, inserting 
the values reported in Fig. 2b in Eq. (4), (S/N)pred = 27.29 dB. Correspondingly, by Eq. (5), 
(ID/IG)pred = 0.04. 
3.4 Test experiments and additional remarks 
In order to test above predictions, two additional synthesis reactions are carried out 
(experiments T1 and T2 of Table 5). Fig. 3 shows the Raman spectra of the continuous films. 
Results of HRTEM analyses are shown in Fig. 4. The values of the 2D/G and D/G intensity ratios 
obtained by decomposing the spectra are reported in Table 5. The I2D/IG value (0.71) obtained in 
experiment T1 disappoints the expectations (see Sect. 3.3), hinting at the existence of interactions 
between parameters for this response [21]. On the contrary, the ID/IG value (0.03) achieved in 
experiment T2 is even smaller than the expected one (0.04). The HRTEM image in Fig. 4a and the 
corresponding FFT analysis of the (002) lattice fringes (shown in the inset) confirm the high 
crystalline quality of sample T2. Unfortunately, the film consists of a rather  high number (nine, as 
estimated by analyzing folded edges) of graphenic layers. 
Since in the OAs used to design the CVD experiments none of two settings are the same, no 
attempt of accurately discussing the effects of the considered growth parameters can be made. 
Nonetheless, by examining I2D/IG and ID/IG values obtained in trial CVD experiments (Table 3) it 
can be noted that the thinnest film (D1) is the most defective, while the lower defect density 
pertains to thicker ML films (D3 and D5). Going into more detail, the response graphs in Fig. 2a 
indicate shorter reaction times as the more favorable to the formation of thin graphene films, as 
expected. In addition, using lower temperature may be beneficial to the film thinning for kinetic 
reasons. On the contrary, hydrogen addition leads to a worsening in terms of film thickness due to 
its effectiveness in promoting the insertion of C2Hx groups in the growing graphene lattice [27], its 
stabilizing action on the growing carbon edges [12], and/or its counteraction on the carbon etching 
promoted by water (resulting from the thermal decomposition of ethanol) [28]. Excessive water 
etching can introduce defects that, behaving as nucleation sites, can lead to low-quality (multi-
layer) films. Hence, H2 addition limits/reduces secondary nucleation effects, which accounts for the 
improvement obtained in the ID/IG response graphs of Fig. 2b. The choice of longer reaction times 
goes in the same direction as, with the full surface coverage, the catalytic effects become less and 
less pronounced. This suggests that the changes of ΦH2, tS, and TS produce opposite effects on 
thickness and defectiveness of the grown graphene films, and hence their simultaneous optimization 
requires a compromise. Therefore, a third experiment is carried out (T3 in Table 5) selecting ΦH2, tS, 
and TS levels according to the following criteria. Reaction is stopped after the optimal for I2D/IG 
duration (10 min, see Fig. 2a). Since TS is always the least influential parameter (compare pie-plots 
of Figs. 2c and 2d), its higher value (1070 °C) is preferred because it has a positive effects on the 
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defectiveness. ΦH2 is lowered to 10
 sccm from the optimal ID/IG value, because this change should 
allow reducing film thickness without producing dramatic enhancement of the defect density (see 
S/N changes caused by the variation of ΦH2 in Figs. 2a and 2b, respectively). Graphene films 
obtained under these conditions exhibit the same ID/IG value (defectiveness) of ML T2, but higher 
2D/G intensity ratio (Fig. 3) (lower thickness), as confirmed by the results of AFM and HRTEM 
analysys shown in Figs. 5 and 4b, respectively. Moreover, the corresponding Raman profiles are 
extremely similar to those measured in 2L regions of graphene films grown at 1000°C by Li et al. 
[8] by using a mixture of methane and hydrogen. This finding, in line with the existence of 
interactions between the growth parameters as hypothesized above, evidences the dual role of 
hydrogen in the growth process. A more systematic study, aimed at clarifying the role of each 
growth parameter, is currently in progress. 
 
4. CONCLUSION 
Six Taguchi designed CVD experiments have been performed to optimize the crystalline 
quality and thickness of graphene films synthesized by copper-catalyzed decomposition of ethanol.  
The graphene films have been systematically characterized by micro-Raman spectroscopy and high-
resolution microscopy and the analysis of the data has allowed ranking the influence of temperature, 
duration, and hydrogen flow on the CVD growth. These results make possible to control and select 
optimal experimental conditions for the synthesis of thin and high-grade graphene films. 
In the parameter range considered, synthesis duration and hydrogen flow result to be most 
influential parameters on crystalline quality and thickness of the graphene films, and are 
interestingly found to produce opposite effects. Therefore, the simultaneous reduction of defect 
density and number of graphene layers requires a compromise (i.e., setting ΦH2 and tS at 
intermediate levels). Continuous graphene films made of 2 to 4 layers and nearly defect-free can be 
synthesized in CVD at 1070 °C for 10 min with the addition of 10 sccm H2 to the gas mixture. 
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Tables 
 
 
Table 1. Control-factors and levels selected to perform Taguchi-designed CVD growth 
experiments. 
 
Levels Control-factors 
1 2 3 
TS (°C) 1000 1070  
ΦH2 (sccm) 0 10 100 
tS (min) 1 10 30 
 
 
 
 
 
 
Table 2. Taguchi-design of experiments for CVD process. 
 
Control factors Experiments* 
TS 
(°C) 
ΦH2 
(sccm) 
tS 
(min) 
D1 1000 0 1 
D2 1000 10 10 
D3 1000 100 30 
D4 1070 0 10 
D5 1070 10 30 
D6 1070 100 1 
* Argon (20 sccm) and ethanol (0.1% of Ar flow) are used as a carrier gas and a carbon 
source, respectively. 
 
 
 
 
 
 
Table 3. Results of Taguchi-designed CVD growth experiments in terms of structural 
properties of the synthesized samples, as described by Raman indicators I2D/IG and ID/IG, 
respectively monitoring number of layers and density of lattice defects. The corresponding S/N 
ratios and average values are also reported. 
I2D/IG ID/IG Experiment 
Data S/N (dB) Data S/N (dB) 
D1 0.98 –0.18 0.26 11.70 
D2 0.81 –1.83 0.18 14.89 
D3 0.51 –5.85 0.07 23.10 
D4 0.83 –1.62 0.15 16.48 
D5 0.71 –2.97 0.06 24.44 
D6 0.65 –3.74 0.14 17.08 
Averaged values 0.75 –2.70 0.14 17.95 
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Table 4. S/N response relative to the investigated outputs. ΔR stands for the S/N variation, 
(S/N)max−(S/N)min, produced by each control factor on the considered outputs. 
 
Outputs 
I2D/IG ID/IG 
Control-factors 
ΔR 
(dB) 
ΔR 
(dB) 
TS  0.16 2.77 
ΦH2 3.90 6.00 
tS  2.69 9.38 
 
 
 
 
 
 
Table 5. Experimental configurations of test-experiments and results obtained.  
 
Experim. Control factors Measured system response 
 TS 
(°C) 
ΦH2 
(sccm) 
tS 
(min) 
I2D/IG ID/IG 
T1 1000 0 10 0.71 0.21 
T2 1070 100 30 0.94 0.03 
T3 1070 10 10 1.28 0.03 
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Figure Captions 
 
Figure 1. Raman spectra of the graphene films obtained in trial experiments. Spectra are 
normalized to the G-band maximum intensity. The same vertical scale is used for an easier 
comparison. 
 
Figure 2. Response graphs of S/N ratio for (a) “larger-is-better” analysis of I2D/IG and for (b) 
“smaller-is-better” analysis of ID/IG. In each response graph, dashed line indicates the total mean 
S/N ratio; for each control-factor the greatest S/N value is also reported. The degree of influence of 
the control factors on I2D/IG (c) and ID/IG (d) is displayed. 
 
Figure 3. Raman spectra of the graphene films obtained in test experiments. Spectra are 
normalized to the G-band maximum intensity. The same vertical scale is used for an easier 
comparison. 
 
Figure 4. Morphology of the graphene films synthesized in test CVD experiments. HRTEM 
images refer to samples T2 (a) and T3 (b). The film thickness (i.e. the number of graphene layers) is 
estimated by directly counting (002) lattice fringes at the folded edges. The ring-like pattern in the 
FFT (inset), besides witnessing the high crystalline perfection of the films, indicates that they are 
composed of honeycomb lattice planes stacked with different rotational directions, compatibly with 
the growth of randomly oriented graphene islands on a copper substrate. 
 
Figure 5. AFM image (top) of the graphene film T3 transferred on 300 nm Si/SiO2 and height 
profile (bottom), as taken along the yellow line in the image. The film is planar and homogenous (a 
small folded edge is visible in the upper part of the image). The film thickness, as resulting from the 
height profile of the even edge with respect to the SiO2 flat surface, is about 1 nm and is consistent 
with a film composed of a bi-layer of graphene. 
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